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Nervous systemspeciﬁc transcription factors (DSXF in females and DSXM in males) that act at the
bottom of the Drosophila somatic sex determination hierarchy. dsx, which is conserved among diverse taxa,
is responsible for directing all aspects of Drosophila somatic sexual differentiation outside the nervous
system. The role of dsx in the nervous system remainsminimally understood. Here, the mechanisms by
which DSX acts to establish dimorphism in the central nervous systemwere examined. This study shows that
the number of DSX-expressing cells in the central nervous system is sexually dimorphic during both pupal
and adult stages. Additionally, the number of DSX-expressing cells depends on both the amount of DSX and
the isoform present. One cluster of DSX-expressing neurons in the ventral nerve cord undergoes female-
speciﬁc cell death that is DSXF-dependent. Another DSX-expressing cluster in the posterior brain undergoes
more cell divisions in males than in females. Additionally, early in development, DSXM is present in a portion
of the neural circuitry in which the male-speciﬁc product of fruitless (fru) is produced, in a region that has
been shown to be critical for sex-speciﬁc behaviors. This study demonstrates that DSXM and FRUM expression
patterns are established independent of each other in the regions of the central nervous system examined. In
addition to the known role of dsx in establishing sexual dimorphism outside the central nervous system, the
results demonstrate that DSX establishes sex-speciﬁc differences in neural circuitry by regulating the number
of neurons using distinct mechanisms.
© 2008 Elsevier Inc. All rights reserved.Introduction
Sex-speciﬁc differences in neural circuitry contribute to differences
in male and female reproductive behaviors (reviewed in Ball and
Balthazart, 2004; Simerly, 2002). In Drosophila, sex-speciﬁc reproduc-
tive behaviors are speciﬁed through a genetic regulatory cascade
called the sex determination hierarchy (reviewed in Manoli et al.,
2006). This hierarchy consists of a pre-mRNA splicing cascade that
culminates in the production of sex-speciﬁc transcription factors.
doublesex (dsx) is at the bottom of one branch of the sex hierarchy and
has been shown to specify all aspects of sex-speciﬁc development
outside the nervous system (Hildreth, 1965). fruitless (fru) is at themodeoxyuridine; CNS, central
pC1 and pC2, posterior cells 1
N1, thoracic neurons 1; TUNEL,
ntral nerve cord; wpp, white
omputational Biology, Depart-
ifornia, Los Angeles, California,
.
l rights reserved.bottom of another branch of the sex hierarchy and has been shown to
encode male-speciﬁc transcription factors [FRUM, encoded by fru P1
transcripts; (Ryner et al., 1996)] that underlie the potential for male
courtship behaviors (reviewed in Manoli et al., 2006). Recent studies
have shown that both fru and dsx collaborate in the central nervous
system (CNS) to bring about the potential for one step in the male
courtship ritual, the production of courtship song (Rideout et al.,
2007). Despite this progress, themechanisms bywhich dsx establishes
differences in neural circuitry are largely unknown.
dsx encodes both male (DSXM) and female (DSXF) transcription
factors (reviewed in Christiansen et al., 2002). DSX isoforms share a
common amino terminal region that contains the DNA binding do-
main, but differ in their carboxyl terminal region [Fig. 1A; (Burtis and
Baker, 1989)]. dsx speciﬁes nearly all aspects of Drosophila somatic sex
determination outside the nervous system, as dsx null animals display
an intersexual phenotype (Hildreth,1965). Furthermore, if DSXM is the
only DSX isoform produced in chromosomally XX animals, these
animals look almost identical to wild type males (hereafter called
pseudomales), suggesting that dsx is sufﬁcient to specify most aspects
of sex-speciﬁc somatic development (Duncan and Kaufman, 1975).
The role of dsx in directing sex-speciﬁc nervous system develop-
ment and physiology has been more difﬁcult to examine, given that
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nervous system. Behavioral analyses on dsx mutants provide conﬂict-
ing results. Initially, it was thought that dsx was unable to direct the
nervous system to a male fate, given the observation that pseudo-
males do not display any male-speciﬁc behaviors (Taylor et al., 1994).
However, it was also shown that dsx null males perform courtship in a
quantitatively subnormal manner (Villella and Hall, 1996), and a
population of abdominal neuroblasts undergoes more dsx-dependent
divisions in males (Taylor and Truman, 1992). Recent studies suggest a
key role for dsx in specifying reproductive behaviors, including a
demonstration that DSXM and FRUM are co-expressed in subsets of
neurons in the CNS (Billeter et al., 2006; Rideout et al., 2007), that DSX
and FRU collaborate to bring about the potential for wing song
(Rideout et al., 2007), and that animals that are transheterozygous for
dsx and fru P1 alleles show a reduction in male courtship behaviors
(Shirangi et al., 2006).
DSX is expressed in a sexually dimorphic pattern in the adult CNS
(Lee et al., 2002). In this study, the mechanisms responsible for
generating this dimorphism were determined. DSX expression was
examined during metamorphosis, in both males and females and the
pattern is very similar to that which was previously described, with
some differences (Lee et al., 2002). Additionally, this study shows that
the DSX-expressing cell number is established during a small window
of time during early stages of metamorphosis. DSX directs the number
of DSX-expressing cells in the CNS in an isoform-speciﬁc and dose-
dependent manner. The sexually dimorphic number of DSX-expres-
sing cells in one region of the ventral nerve cord (VNC) is a result of
DSXF-dependent cell death that occurs during metamorphosis in
females and not males. Additionally, a population of DSX-expressing
neurons in the posterior brain of males undergoes more cell divisions
than in females. Given that the sex-speciﬁc transcription factors DSXM
and FRUM have overlapping expression patterns, we examine if these
transcription factors are responsible for establishing differences in
each other's expression patterns in the CNS, and ﬁnd that they are not
inter-dependent. Furthermore, in females, overlap between DSXF and
fru P1-expressing cells during development does not occur in the two
regions examined that have a dimorphism of number of neurons.
Taken together, this work demonstrates a role for DSX in forming sex-
speciﬁc differences in cell number that underlie differences in neural
circuitry in the CNS.
Materials and methods
Generation of polyclonal antibodies speciﬁc to DSX and FRUM
Weproduced a recombinant glutathione S-transferase (GST)DSX fusionprotein that
contained ∼100 amino acids that are common to both DSX isoforms, by PCR amplifying
the region and cloning it into the pGEX 4T1 vector (GE healthcare). The PCR primers used
are: 5′ CTCGAGCTCTTCGATTCGATTCGCCGGGAAGCCTCTTCAAT (Xho1 site is engineered
at 5′ end) and 5′ GAATTCAGGTCATCGGGAACATCGGTGATCACTAGC (EcoR1 site is engi-
neered at 5′ end). The GST-DSX fusion proteinwas produced in E. coli, puriﬁed and used
to immunize a rat host (Josman, Napa Valley). The serum was afﬁnity puriﬁed on a
column containing the recombinant GST-DSX fusion protein covalently coupled to
amino resin (Pierce). The FRUM antibody was generated as described in Lee et al. (2000),
and was shown to be speciﬁc to FRUM.
Immunohistochemistry
Whole mount immunochemistry experiments were performed as previously
described (Lee et al., 2000). The primary polyclonal DSX antibody was diluted 1:50–
1:100 in TNT (0.1M Tris–HCl, 0.3M NaCl, 0.5% Triton X-100, pH 7.4). Secondary
antibodies were purchased fromMolecular Probes and used at recommended dilutions.
Confocal microscopy was performed on a Zeiss Pascal. ELAV antibody was obtained
from the Iowa hybridoma bank. Cell counts of FRUM-expressing cells in 5–7-day old dsx
null and wild type males were performed blindly by two independent members of the
lab.
TUNEL assay for cell death
The Apoalert DNA Fragmentation Assay kit (Clontech) was used with modiﬁcations
(as described in Firth et al., 2005).Drosophila strains
Drosophila were grown on standard media containing cornmeal, dextrose, and
yeast at 25°C. The wild type strain is Canton S. The dsx null genotype is
transheterozygous for the dsx alleles dsxM+R15 and dsxD+R3. Generally, ﬂies homozygous
for the ix3 allele were not viable, although a small number of homozygous ix3ﬂies
escaped to the adult stage. The loss-of-function ix genotype used here is transheter-
ozygous for the ix3 allele and a Df(2R)en-B deﬁciency. The fru P1 null genotype is
transheterozygous for the fru alleles fruP14 and fru4–40. The fru-P1-GAL4 driver was
previously described (Stockinger et al., 2005). The UAS-DSXF and UAS-DSXM lines were
provided by Gyunghee Lee. Genotypes of transgenic ﬂies and ﬂies mutant for cell death
effectors are described in Supplemental Table 2; brieﬂy, they include Df(3L)XR38 and Df
(3L)H99 deﬁciencies (referred to as XR38 and h99, respectively), described in Peterson
et al. (2002), β amyloid protein precursor-like (appl)-Gal4, tubulin-Gal4, actin-Gal4, elav-
Gal4, heat shock-Gal4, UAS-diap, and UAS-p35. With the exception of the XR38, h99,
appl-Gal4, UAS-diap, and UAS-p35 strains, all were obtained from the Bloomington
Drosophila Stock Center (Indiana University, Bloomington, Indiana, United States).
Pupal animals were sex-sorted at the white pre-pupal stage, and then aged at 25°C.
BrdU labeling
Pupae were sex-sorted at the white pre-pupal stage and aged for 8h. CNS tissues
were dissected in cold PBS, incubated for 4h in 15μg/ml of BrdU in PBS at room
temperature, washed once in PBS, and then ﬁxed in 3% paraformaldehyde in PBS for
20min at room temperature. Samples were washed three times for 5min in PBS, three
times for 5min in TNT, and blocked for 1h in 4% normal goat serum. To expose the BrdU
antigen, samples were brieﬂy boiled (4.5min) at 100°C. Samples were washed in PBS
and incubated in mouse anti-BrdU (1:200 dilution, GE healthcare) and rat anti-DSX
(1:50 dilution) in TNT overnight at 4°C on a rocker. Samples were washed six times for
15min each with TNT and then incubated in secondary anti-rat and anti-mouse
antibodies (Molecular Probes) diluted 1:500 in TNT overnight at 4°C. Samples were
washed six times in TNT for 15min each and mounted in VectaShield before imaging.
Statistical analyses
All cell counts are represented as mean±standard error of the mean. Statistical
signiﬁcance was calculated by unpaired, two-tailed Student t-tests and performed in
excel. The resulting P-value is reported.
Results
DSX expression in the CNS is sexually dimorphic across development
To determine the mechanism that underlies the sexual dimor-
phism in the number of DSX-expressing cells, a polyclonal rat anti-
serum speciﬁc to a common portion of DSX was generated and DSX-
expressing cells during development were analyzed (see Fig. 1A). The
antibody is speciﬁc to DSX, as signal is detected in wild type animals,
but not in dsx null animals (Supplemental Figs. 1A and B). Using
antibodies against DSX and the nuclear, neuron-speciﬁc ELAV protein
(Robinow and White, 1991), we demonstrate that nearly all DSX-
expressing cells detected here are neuronal and that DSX is localized
to the nucleus (Supplemental Fig. 2). When DSX is over-expressed
using a constitutive promoter, signal is detected throughout the brain
using the DSX antibody (Supplemental Fig. 1C).
Previous studies have shown that DSX is present in the CNS and
sexually dimorphic at the adult stage, but not at the 48-hour after
puparium formation (APF) stage (Lee et al., 2002). DSX expression 48
hours APF was examined here and a sexual dimorphism in several
regions of the CNS was observed. To determine how the dimorphism
in DSX-expressing cells is both established and maintained, the
number of DSX-expressing cells in the CNS was quantiﬁed in 48-hour
APF pupae and 0–24-hour adults (see Tables 1 and 2). At 48-hour APF,
the combined number of cells for pC1 and pC2 (see Fig. 1 for
description of nomenclature) is 88±1.9 and 13±0.8, in males and
females, respectively (all cell counts are represented as the mean±
standard error of themean). A sexual dimorphism in the TN1 cluster of
the ventral nerve cord (VNC) was also observed, with 16±1.3 and 0±0
cells, in males and females, respectively (Fig. 1).
A similar overall pattern of DSX-expressing cells was observed in
the 0–24-hour adult CNS, with a dimorphism in the pC1, pC2 and TN1
regions, as was observed in 48-hour APF pupae [Tables 1 and 2, Fig. 1,
and previously described (Lee et al., 2002)]. Two DSX-expressing
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cluster) in both males and females (Supplemental Figs. 1D and E); the
aDN neurons were previously thought to be male-speciﬁc (Lee et al.,2002). Here, the mechanisms by which the sexual dimorphism in
DSX-expressing cells in the pC1, pC2 and TN1 clusters are generated
were examined.
Table 2
DSX-expressing cells in the TN1 region of the VNC
Male (XY) Cells (n) Female (XX) Cells (n)
Wild type Wild type
0–24-hour adult 15±0.5 (12) 0–24-hour adult 0±0 (12)
48-hour APF 16±1.3 (6) 48-hour APF 0±0 (8)
0-hour APF 0±0 (12) 0-hour APF 0±0 (8)
dsx mutants dsx mutants
0–24-hour adult,
dsxD/dsxM+R15
10±0.5 (8) 0–24-hour adult,
dsxD/dsxM+R15
10±0.8 (10)
0–24-hour adult,
dsxM+R15/+
11±0.6 (10) 0–24-hour adult,
dsxM+R15/+
0±0 (16)
0–24-hour adult,
dsxD/+
17±0.6 (14) 0–24-hour adult,
dsxD/+
5±0.3 (16)
ix mutant ix mutant
0–24-hour adult,
ix3/Df(2R)en-B
18±0.7 (12) 0–24-hour adult,
ix3/Df(2R)en-B
6±0.5 (10)
fru mutant
0–24-hour adult,
fru4–40/fruP14
15±0.6 (5)
Cells that co-express
DSXM and FRUM
48-hour APF, UAS-nlsGFP;
fru P1-GAL4/+
9±0.5 (8)
Table 1
DSX-expressing cells in the pC1 and pC2 regions of the brain
Male (XY) Cells (n) Female (XX) Cells (n)
Wild type Wild type
0–24-hour adult 83±3.1 (17) 0–24-hour adult 16±0.9 (7)
48-hour APF 88±1.9 (7) 48-hour APF 13±0.8 (12)
0-hour APF 64±2.7 (10) 0-hour APF 13±0.9 (8)
dsx mutants dsx mutants
0–24-hour adult,
dsxD/dsxM+R15
64±1.7 (24) 0–24-hour adult,
dsxD/dsxM+R15
56±2.4 (15)
0–24-hour adult,
dsxM+R15/+
56±3.8 (9) 0–24-hour adult,
dsxM+R15/+
15±0.8 (16)
0–24-hour adult,
dsxD/+
83±2.2 (15) 0–24-hour adult,
dsxD/+
41±1.3 (13)
ix mutant ix mutant
0–24-hour adult,
ix3/Df(2R)en-B
75±2.9 (12) 0–24-hour adult,
ix3/Df(2R)en-B
29±1.3 (14)
fru mutant
0–24-hour adult,
fru4–40/fruP14
93±4.8 (8)
Cells that co-express
DSXM and FRUM
48-hour APF, UAS-nlsGFP;
fru P1-GAL4/+
18±0.6 (12)
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isoform- and dose-dependent manner
Given the sexual dimorphism in DSX-expressing cells, we sought
to determine whether the difference in DSX isoforms in males and
females is responsible for the difference in the number of DSX-
expressing cells, or if sex-speciﬁc regulation of dsx transcription in
males and females is responsible for the difference in DSX-expressing
cell number. The TN1 cluster was examined in the adult stage, as the
dimorphism in cell number in this cluster is the most dramatic, and
therefore the most straightforward to analyze: 15±0.5 and 0±0 cells
are in adult males and females, respectively. If the absence of DSX-
expressing cells in the TN1 cluster in females is because dsx trans-
cription is not activated, then the number of DSX-expressing cells
should be independent of the DSX isoform. Alternatively, if DSX regu-
lates cell number in an isoform-dependent manner, then the presence
of a DSX isoformwill inﬂuence the number of DSX-expressing cells in
the TN1 cluster.
Accordingly, the number of DSX-expressing cells in chromoso-
mally XX animals that only produce the DSXM isoform was
determined. These animals are transheterozygous for a dsx allele
(dsxD), whose product can only be spliced to produce the male-
speciﬁc isoform, and a dsx null allele (dsxM+R15); hereafter these
animals will be called dsxD pseudomales, as they are phenotypically
male. The number of DSX-expressing cells in both chromosomally
XX and XY dsxD/dsxM+R15 transheterozygous ﬂies was examined; the
chromosomally XY ﬂies served as a control to determine the number
of DSX-expressing cells when only one copy of dsx can produce DSX
product.
In chromosomally XX and XY dsxD/dsxM+R15 ﬂies, 10±0.8 and 10±
0.5 cells were observed, in TN1 regions, respectively. Given that bothFig. 1. DSX expression is sexually dimorphic. (A) Schematic of sex-speciﬁc DSX isoforms. The
(region 2) are 152 and 30 amino acids, in the male and female isoforms, respectively (Burtis
(bar). (B) Schematic of posterior surface of adult male CNS, indicating where DSX-expressing
of adult male CNS, indicating where clusters of DSX-expressing cells aDN, SN, and SLN resi
groups are indicated by dots on both sides of the schematic, but only labeled on the left, as D
CNS, indicating where clusters of DSX-expressing cells reside (white). DSX-expressing cells i
and L), 48-hour pupae (G, H, M and N), and 0-hour white pre-pupae (I and J; only one hemise
respectively. Arrowheads in panels K and M indicate TN1 region. Magniﬁed DSX-expressin
indicated by XY and XX, respectively. 20×s confocal sections (∼1 μm thick) are shown.chromosomally XX and XY dsxD/dsxM+R1 ﬂies have the same number of
DSX-expressing cells in this region, this demonstrates that the DSX
isoform directs the number of cells, rather than differences in dsx
transcription in males and females.
Both chromosomally XX and XY dsxD/dsxM+R15 ﬂies had signiﬁ-
cantly fewer DSX-expressing cells (10±0.5 and 10±0.8 cells) in the
TN1 region than wild type males (15±0.5 cells) (P=1.9×10−5 and
7.4×10−7, respectively), which suggests a dsx dose-dependency for the
number of DSX-expressing cells, since the dsxD/dsxM+R15 mutants
examined only had one copy of dsx that can make DSXM product.
Chromosomally XY ﬂies that are transheterozygous for the dsxD allele
and a wild type dsx allele had 17±0.6 cells in the TN1 cluster, which is
more than wild type males (15±0.5 cells). Taken together, these
results suggest that the dose of dsx is important, and the difference in
number in dsxD/dsxM+R15mutants is not due to the dsxD allele, as if that
were the case, fewer DSX-expressing cells would be expected in ﬂies
that are transheterozygous for the dsxD allele and a wild type allele, as
compared to wild type males.
To further conﬁrm this, DSX-expressing cells were quantiﬁed in
males that are transheterozygous for one dsx null allele and one wild
type dsx allele (dsxM+R15/TM6B; hemizygotes), and thus have one dsx
allele that can make DSXM product. These ﬂies had 11±0.6 DSX-
expressing cells in the TN1 region, which is similar to the number of
DSX-expressing cells we observed in the dsxD/dsxM+R15 pseudomales
and males (10±0.5 and 10±0.8 cells, PN0.05 for both comparisons).
This observation suggests that there is a threshold amount of DSXM
activity required to specify the wild type number of DSX-expressing
neurons in the TN1 region. In animals that contain only one dsx allele
producing functional product, the amount of DSXMmay be close to the
threshold needed to establish or maintain the wild type number of
neurons.common region includes the DNA binding domain (region 1). The sex-speciﬁc regions
and Baker, 1989). The polyclonal antibody was generated against amino acids 290–398
clusters pC1 (blue) and pC2 (white) reside in the brain. (C) Schematic of anterior surface
de in the brain, and TN1 (purple) and TN2 cells reside in the VNC. DSX-expressing cell
SX-expressing cells are bilaterally symmetrical. (D) Schematic of male white-pre-pupal
n the posterior midbrain (E–J) and ventral nerve cord (K–N) in 0–24-hour adults (E, F, K
gment is shown for each brain). Arrow and arrowhead (E) indicates pC2 and pC1cluster,
g cells in the TN1 region of males (O) and females (P). Male and female genotypes are
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number in the TN1 cluster
To determine if DSXM and DSXF have antagonistic roles in
establishing the number of TN1-region, DSX-expressing cells, we
examined chromosomally XX ﬂies that contain both DSXM and DSXF.
These ﬂies are heterozygous for the allele (dsxD) that only produces
DSXM and a wild type allele of dsx, which in chromosomally XX ﬂies
produces DSXF. Hereafter these transheterozygotes are called dsxD
intersexual ﬂies, as they have morphological features of both sexes.
Previous studies have shown that DSX functions as a homodimer, and
the presence of DSXF interferes with DSXM activity by forming a
heterodimer (Erdman et al., 1996). Also, since both DSX isoforms bind
the same enhancer element DNA, DSXF homodimers can compete
with DSXM homodimers for DNA (Erdman et al., 1996).Fig. 2. The number of DSX-expressing cells depends on the dose and isoform of DSX present.
produce DSXM, respectively. Light red and dark red bar indicates genotypes with one and tw
shown in parentheses. (B and C) The number of DSX-expressing cells in male and female CNS
brain clusters (C) in males and females. The bar in panel B represents the period during devel
to thirty individuals were analyzed at each time point (B and C). The abscissa and ordinate
(blue circles) and female (red triangles) data are indicated. Error bars indicate the standardWhen the TN1 cluster in dsxD intersexual ﬂies was examined, 5±
0.3 cells were present (Table 2 and Fig. 2A); this is intermediate to
the number in wild males (15±0.5 cells) and females (0±0 cells),
and signiﬁcantly fewer than the number in dsxD pseudomale ani-
mals (10±0.5 cells; P=5.1×10−5) or male dsx hemizygotes (11±0.6
cells; P=9.3×10−7); these latter two genotypes have one copy of dsx
that produces DSXM. These results suggest that DSXM and DSXF
isoforms have antagonistic roles with respect to establishing the
TN1 population of DSX-expressing cells. DSXF may reduce the
number of cells in dsx intersexual animals indirectly, by interfering
with DSXM activity and effectively reducing the dose of DSXM.
Alternatively, DSXF may directly regulate the TN1 region cell num-
ber, perhaps by inducing cell death or blocking cell division. Clearly,
DSXM and DSXF establish the number of DSX-expressing cells in a
context-dependent way, as DSX-expressing cells in females(A) Dark blue and light blue bar indicates genotypes with two or one copy of dsx that can
o copies of dsx that can produce DSXF, respectively. Chromosomal sex of the animal is
from 0-hour white pre-pupae to 0–24-hour adults, in the TN1 cluster (B) and posterior
opment when the TN1-region, DSX-expressing cell number is isoform-independent. Six
show the developmental stage and number of DSX-expressing cells, respectively. Male
error of the mean.
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(Fig. 1).
Male and female TN1 regions have detectable DSX-expressing cells early
in pupal development, but DSX-expressing cells in the female TN1 region
are not detectable in later stages
To determine how the number of DSX-expressing cells is established
by the DSX isoform present, the TN1 cluster was examined during
development. In females, the absence of DSXM or the presence of DSXF
may result in death of those cells. Alternatively, DSXM may drive addi-
tional cell divisions. The number of DSX-expressing cells was examined
during metamorphosis, with the rationale that the developmental
proﬁle would provide insight into the mechanism underlying the
resultant sex-speciﬁc cell number (see Fig. 2B, Supplemental Table 1).
In the TN1 cluster, in 0-hour white pre-pupae, no DSX-expressing
cells were present in males or females (Fig. 2B, Table 2). Twelve hours
later (12-hour APF), 11±0.4 and 11±0.6 cells in males and females
were observed, respectively. In females, at 14-hour APF, the cell
numbers decrease to 5±0.4. By 48-hour APF, no DSX-expressing cells
were observed in the TN1 region in females. In males, the number of
cells steadily rises with time, with 12±0.5 and 16±1.3 cells observed at
14- and 48-hour APF.
Females initially have a substantial number of cells, located in a
homologous position to those observed in males, and none of theseFig. 3. DSX-expressing cells in the TN1 cluster in females undergo cell death during the ﬁrst
(green), and co-localization (yellow) in the TN1 regions at 14-hour APF is shown. Panels A–C
DSX-expressing cells. Arrowheads indicate a TUNEL-positive cell with faint DSX signal. (C) TU
cells in the TN1 region in 0–24-hour adult wild type females (E), XX ix3/Df(2R)en-B ﬂies (F), a
number of DSX-expressing cells in the CNS of dsx and ix mutants from 0-hour white pre-pu
indicates genotypes examined. Six to twenty individuals were analyzed at each time point. T
cells, respectively. Chromosomal sex of animals is indicated in all panels and legend. Error bcells are detected by 48-hour APF. This suggests that sex-speciﬁc cell
death may be the mechanism by which the sexually dimorphic
number of cells is established. After 12-hour APF, males have more
DSX-expressing cells than were observed in females, which suggests
that the loss of DSX-expressing cells in females is not sufﬁcient to
explain the entire difference in cell numbers. An additional cell
division of the DSX-expressing cells may be occurring in males, and
DSXM may either permit or direct this cell division.
Sex-speciﬁc cell death leads to absence of DSX-expressing neurons in the
TN1 cluster in females
To address if cell death is responsible for the absence of detectable
TN1-region, DSX-expressing cells in females, the number of DSX-
expressing cells showing molecular signs of cell death was deter-
mined. In one of the stages of cell death, cellular endonucleases cleave
nuclear DNA into small fragments that are detectable by the TUNEL
(Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labeling) assay. Female and male TN1 regions were examined
starting at 8-hour APF, every 2 h, until 22-hour APF (Fig. 3). These time
points were chosen because the number of DSX-expressing cells
declines substantially in females during the 12–24-hour APF period
(Fig. 2B). Animals were staged by starting with the white pre-pupae
stage, which lasts about 20–30 min, so each subsequent time point
examined represents about 40 min to 1 h of development.day of pupal development. For panels A–D, DSX-expressing cells (red), TUNEL staining
show female tissues; panel D shows male tissue. (A and B) TUNEL-positive cells are also
NEL-positive cells in close proximity to remaining DSX-expressing cells. DSX-expressing
nd wild type males. 40× confocal sections of ∼0.5 μm are shown for panels A–G. (G) The
pae to 2-day old pupae, in the TN1 cluster (H) and posterior brain clusters (I). Legend
he abscissa and ordinate show the developmental stage and number of DSX-expressing
ars indicate the standard error of the mean.
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points examined between 10- and 22-hour APF, in female, but never
in male, TN1-region VNC tissue. During the 12-hour and 14-hour APF
stages, in which the largest decline in TN1-region, DSX-expressing
cell number is observed (Fig. 2B), 28% of female samples examined
had at least one TUNEL-positive, DSX-expressing cell (n=36), whereas
males had none (n=16). Typically, only one cell with overlap in TUNEL
staining and DSX was observed per female VNC. However, given the
difﬁculty of detecting a nuclear transcription factor that is being
stripped from the nucleus during cell death (Robinow et al., 1993), the
changes in nuclear morphology as a cell dies, and the limited window
in which it is possible to detect TUNEL staining in a dying cell, this
result is not unexpected. Furthermore, the overall number and
distribution of TUNEL-positive cells in male and female VNC tissue is
very similar at all stages examined, which suggests that the overlap
observed with DSX and TUNEL in the female VNC is speciﬁc, and not
due to a greater number of dying cells in females, which would then
make it more likely that DSX-expressing cells would randomly
overlap with TUNEL staining in females. We thus conclude that
female-speciﬁc cell death in the TN1 region establishes the sexual
dimorphism in cell number.
To further determine the mechanism that establishes female-
speciﬁc, TN1-region cell death, female adult transgenic animals that
over-express cell death inhibitors (including bacculovirus p35 and the
caspase inhibitor DIAP) and adult animals that are mutant for cell
death effectors (transheterozygotes for a deletion of rpr, hid, and grim
and a deletion of rpr) were examined. None of the female animals
examined had TN1 region, DSX-expressing cells, leaving the cell death
effectors in the TN1 region an open question (Supplemental Table 2).
DSXF function is necessary, but not sufﬁcient, for female-speciﬁc
apoptosis that results in the absence of cells in the adult TN1 region
To determine if DSXF is required for female-speciﬁc cell death in
the TN1 region, dsx functionwas abrogated in females via mutation of
an obligate DSXF heterodimer partner encoded by intersex (ix); this
allows for the detection of DSX-expressing cells with the α-DSX
antibody in cells inwhich DSX is not functional. ix encodes an obligate
heterodimer partner of DSXF, but not DSXM, and is required for the
establishment of all female-speciﬁc morphological features under the
control of DSXF that have been examined (Garrett-Engele et al., 2002).
Therefore, if DSXF is required for the absence of DSX-expressing cells
in the female TN1 region, than in ix mutant females, DSX-expressing
cells should be observed, as DSXF is not functional in the absence of IX.
Accordingly, a strong ix hypomorphic allele combination (ix3/Df(2R)
en-B) was examined. DSX-positive cells (6±0.5 cells) were observed in
the TN1 region of ix adult females (n=10, Fig. 3F), which is signiﬁcantly
more than the zero observed in wild type adult females (P=4x10−7).
Therefore, DSXF is necessary for the absence of TN1-region, DSX-
expressing cells. Because the ix allele combination is not a null
(Garrett-Engele et al., 2002), some DSXF functionmay remain to direct
cell death in the DSX-expressing, TN1-region neurons, and that could
explain why the number of TN1 region cells is less than the number
observed in wild type males. Alternatively, DSXM may be required for
establishing the ﬁnal cell number in males.
Given the observation that DSXF activity is required for the absence
of cells in the TN1 region in females, we next tested if it is sufﬁcient to
induce cell death. DSXF was over-expressed with the fru P1-GAL4
driver, and the number of FRUM-expressing cells was assayed using
an antibody directed against FRUM. We and others (see below and
Rideout et al., 2007) have shown that there are a small number of DSX-
expressing, TN1-region cells that overlaps with fru P1 in males. The
activity of dsx is context dependent, based on the observation that in
some cells in females, dsx is required for cell death, whereas in other
populations, DSX-expressing cells persist. Thus, it was important to
test if DSX is sufﬁcient to drive cell death in a cell population mostsimilar to the DSX-expressing, TN1 region female cells. Accordingly,
the anterior surface fru P1-expressing PrMs region cells were assayed;
the fru P1 anatomical nomenclature is used, as fru P1-expressing cells
were examined (anterior surface FRUM-PrMs cells overlap DSX-TN1
cells in males; Lee et al., 2000). There is no statistical difference in
number of anterior region PrMs cells between control males (fru P1-
GAL4/+; 72±2.3 cells) and males that express DSXF under the fru P1-
GAL4 promoter (fru P1-GAL4; UAS-DSXF ﬂies; 72±2.6 cells) (P=0.4).
Therefore, over-expression of DSXF in the male PrMs cells is not
sufﬁcient to induce cell death, suggesting that DSXF acts in a speciﬁc
context in females to direct cell death. Alternatively, the PrMs cells
may not be homologous to the TN1 region cells in females, or the over-
expression may not produce enough DSXF to induce cell death.
Increase in cell number in TN1 region between 0h wpp to 12h pupal
stages is DSX-isoform independent, but dsx dependent
To determine when in development dsx is required to establish
the TN1-region, DSX-expressing cell number, DSX-expressing cells
were examined in dsx mutant backgrounds. Between the 0-hour
wpp (0 cells in both sexes) and 12-hour pupal stages (∼11 cells
in both sexes), the increase in DSX-expressing cell number in males
and females is indistinguishable and shows a similar trajectory
(see bar in Fig. 2B). The following genotypes were examined:
male and female animals heterozygous for a null and a wild type
allele of dsx and chromosomally XX, ix (ix3/Df(2R)en-B) ﬂies. In
these genotypes, dsx function is reduced, which allows us to deter-
mine if the increase in cell number between 0 and 12-hour APF, in
males and females, requires wild type levels of dsx product and
function.
At 8-hour APF, wild type males and females have 7±0.8 and 8±0.9
TN1-region cells respectively, whereas no DSX-expressing cells were
detectable in male and female dsx hemizygotes (dsxM+R15/TM6B), and
signiﬁcantly fewer cells were observed in ix females (2±0.7 cells), as
compared to wild type females (8±0.9 cells) (P=7x10−6; Fig. 3H,
Supplemental Table 1). This suggests that dsx is required for
establishing the number of cells in both males and females during
the 0-hour to 8-hour APF stages.
By 12-hour APF, the last time point examined before wild type
males and females diverge in TN1-region cell number, there is no
statistical difference between chromosomally XY animals dsxM+R15/
TM6B and wild type male animals (P=0.12), although there is a slight,
but statistically signiﬁcant decrease in chromosomally XX, dsxM+R15/
TM6B animals (8±0.7 cells), as compared to wild type females (11±
0.6 cells) (P=0.002) (Fig. 3H). Chromosomally XX, ix mutants (ix3/
Df(2R)e-B) were also examined at 12-hour APF, and a slight but
signiﬁcant decrease in cell number was observed as compared to wild
type females (9±0.9 and 11±0.6 cells, respectively; P=0.05; Fig. 3H).
Taken together, these results suggest that the wild type amount of dsx
activity is required to establish DSX-expressing TN1-region cell
number, between 0 and 12-hour pupal stages.
To determine if the increase in the number of cells during the 0-
hour wpp to 12-hour APF stage is DSX-isoform independent, the
number of DSX-expressing, TN1-region cells were examined in
chromosomally XX, dsxD intersexual ﬂies that produce both DSXM
and DSXF. If the isoforms have distinct activities, the presence of
both isoforms would interfere with wild type activity. The number
of DSX-expressing cells in dsxD intersexual ﬂies at 8- and 12-hour
APF stages in chromosomally XX animals was indistinguishable
from that observed in wild type males and females (Fig. 3H). At 8
hours APF, dsxD intersexual ﬂies have 6±0.5 cells; wild type males
and females have 7±0.8 and 8±0.9 (for both, PN0.05). At 12 hours
APF, dsxD intersexual ﬂies have 11±0.6, wild type males have 11
±0.4 (PN0.05), and wild type females have 11±0.6 cells (PN0.05)
(Fig. 3H). This suggests that the establishment of cell number during
this period of development is DSX-isoform independent, and that
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with respect to establishing cell number. Our previous studies have
shown that DSXM and DSXF can activate and repress many of the
same target genes, but that the extent of activation or repression is
isoform speciﬁc (Goldman and Arbeitman, 2007). These results are
consistent with that observation and suggest that in the context of
the TN1-region, DSX-expressing cells during early pupal stages, the
amount of DSX activity in both males and females is sufﬁcient to
establish the ﬁnal cell number.
Sex-speciﬁc differences in DSX-expressing, TN1 region cells after 12-hour
APF stage is DSX-isoform dependent
In wild type animals, after the 12-hour APF stage, the number of
DSX-expressing, TN1-region cells is sexually dimorphic. The absence
of TN1-region, DSX-expressing cells in females is due to female-
speciﬁc cell death that initiates after the 12-hour APF stage and
requires DSX activity, as when ix mutant females were examined,
6±0.5 cells were evident at the adult stage. At the 16-hour APF stage,
ix females had roughly the same number of TN1 region, DSX-
expressing cells as they had at 12 h, demonstrating that the trajectory
of cell loss is very different in ix females than that observed in wild
type females, where the number of TN1-region DSX-expressing cells
has dropped about two-fold (Fig. 3H). This demonstrates that DSXF is
required for directing the cell death process during early pupal
development and not just at late stages. When female dsx
hemizygotes (dsxM+R15/TM6B) were examined, the cell death trajec-
tory looked very similar to that observed in wild type females,
suggesting that a ∼2-fold dose reduction does not affect cell number
at this stage.
After the 12-hour APF stage, TN1-region cell number in males
continues to increase, demonstrating that cell death in females is not
sufﬁcient to account for the sexual dimorphism in cell number
observed in adults. The number of DSX-expressing, TN1-region cells in
male dsx hemizygotes (dsxM+R15/TM6B) at the 16-hour APF stage was
examined, and a slight (13±0.5 cells), but signiﬁcant (P=0.03),
decrease in cell number compared to wild type males (15±0.6 cells)
was observed (Fig. 3H). However, at adulthood, dsx heterozygotes only
have 11±0.6 cells, compared to 15±0.5 cells in wild type males
(P=2.5×10−6), suggesting that the dose of dsx is critical for the
increase of cells observed after the 16-hour APF stage. This is also
consistent with the observations of chromosomally XX, dsxD inter-
sexual animals, in which the TN1-region cell number is similar to wild
type males at the 16-hour APF stage (15±2 and 14.5+0.6 cells in wild
type males), but subsequently there is a decline to 5±0.3 cells, as
compared to 15±0.5 cells in adult wild type males (Fig. 3H). Taken
together, this suggests that both the dose and isoforms of DSX are
critical for the increase in cell number observed in wild type males
after the 12-hour APF stage.
The difference in DSX cell number in the adult posterior brain clusters is
dependent on the amount of DSX activity and the DSX-isoform present
To determine if the DSX isoform and the dose of dsx present also
determines sex-speciﬁc, DSX-expressing cell numbers in other regions
of the CNS, the combined number of neurons in the posterior brain
pC1 and pC2 clusters in dsxD pseudomales was examined. In adult
chromosomally XX and XY, dsxD/dsxM+R15 pseudomales and males
(only produce DSXM), that only have one allele of dsx that produces
DSXM, 56±2.4 cells and 64±1.7 cells, respectively, were observed; this
is signiﬁcantly lower than the wild type male numbers of DSX-
expressing cells (83±3.1 cells; P=6.1×10−8 and 3.7×10−6, respec-
tively). However, the number of DSX-expressing cells in XX and XY
dsxD/dsxM+R15 animals is much closer to each other, and to the number
of cells observed in wild type males, (83±3.1 cells, Table 1), than wild
type females (16±0.9 cells, Table 1), consistent with the idea that theDSX isoform establishes the number of DSX-expressing cells and that
the difference in number is not due to sex-speciﬁc differences in
expression of dsx.
To determine if the fewer cells in the adult dsxD/dsxM+R15 animals,
as compared to adult wild type males, is because there is only one
allele that can produce DSXM product, males transheterozygous for a
wild type dsx allele and a dsx null allele, dsxM+R15, were examined.
These males had 56±3.8 cells in the pC1 and pC2, which is also
signiﬁcantly fewer than what is observed in wild type males
(P=1.8×10−5), consistent with the idea that the dose of dsx establishes
cell number.
We also determined if the difference in number between dsxD
pseudomales (XX; 56±2.4 cells) and dsxD/dsxM+R15 (XY; 64±1.7 cells)
males, as compared to wild type males (83±3.1 cells), is due to the
reduced dose of dsx, and not the presence of the dsxD allele, by
examining animals that contain both the dsxD allele and a wild type
allele. In these animals that have two copies of dsx that can make
DSXM product, the number of cells in the pC1 and pC2 clusters is
83±2.3 (Table 1), which is indistinguishable from wild type males
(PN0.05). This demonstrates that the dsxD allele is not responsible for
differences in cell numbers observed in dsxD/dsxM+R15 animals, as we
would have expected fewer cells in the dsxD/+ animals, but rather, the
dose of dsx present is the crucial factor.
To investigate if DSXF and DSXM also have antagonistic functions in
establishing the number of cells in the posterior brain clusters, adult
dsxD intersexual ﬂies that produce both DSXF and DSXM were exa-
mined. An intermediate number of DSX-expressing cells was observed
(41±1.3 cells), as compared to wild type males (83±3.1) and females
(16±0.9 cells), but much fewer than that observed in dsxD pseudo-
males (64±1.7 cells; Table 1), suggesting that the DSX isoforms have
antagonistic functions in establishing pC1 and pC2, DSX-expressing
cell number. Taken together, the results from both the TN1 region and
the posterior brain cluster analyses are consistent with both the DSX
isoform and the dose of dsx establishing the adult number of DSX-
expressing cells (Fig. 2A).
DSX-expressing posterior brain cells undergo more cells divisions during
metamorphosis in males as compared to females
The pC1 and pC2, DSX-expressing clusters were examined during
development (Fig. 2C). At the 0-hour white pre-pupal stage, males
already display signiﬁcantly more DSX-expressing cells than females
(64±2.7 and 13±0.8 cells, respectively; P=1.3×10−9). DSX-expressing
cell numbers in females remain fairly constant throughout the 8- to
48-hour APF pupal stages, while the DSX-expressing cell numbers in
males increase rapidly between the 8- and 12-hour APF time points
(from 68.4±2.7 to 93.6±3.2 cells). Thus, in the pC1 and pC2 clusters,
DSXM may act to promote cell division. Alternatively, the presence of
DSXF may block additional cell division during metamorphosis, and
DSXM activity may simply be permissive for cell division that is driven
by other pathways.
To address if the sex-speciﬁc difference in DSX-expressing pC1
and pC2 cell number is due to more cell division in males during
metamorphosis, as opposed to more cells expressing dsx in males,
molecular hallmarks of cell division were examined in these cells.
We reasoned that if the increase in cell number in males is due to
cell division, then we should be able to detect molecular markers of
cell division in males, and not in females. Here the incorporation of
BrdU, a thymidine analog that is incorporated into dividing cells in S
phase and can be detected using immunocytochemistry, was
examined during the period in metamorphosis in which cell
number increases substantially in males and not in females (see
bar in Fig. 4A).
Male and female CNS tissues were dissected at the 8-hour stage,
incubated with BrdU for 4h, ﬁxed and stained for BrdU and DSX.
Although in other parts of the CNS the pattern of BrdU
Fig. 4. DSX-expressing cells co-localize with BrdU in males, but not in females. (A)
Adaptation from Fig. 2C shows a schematic of the 4-hour BrdU pulse from 8-hour APF to
12-hour APF. For all panels, anti-DSX is shown in green, anti-BrdU is shown in red, and
co-localization is yellow. (B and C) Cells in female posterior brain regions do not show
co-localization with BrdU and DSX, while cells in male posterior brains (D and E) show
co-localization.
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during this time period, cells that co-label with the DSX and BrdU
antibody were detected only in males (17/20 samples examined
showed co-labeling), but never in females (0/26 samples examined
showed co-labeling) (Fig. 4), consistent with the idea that the
increase of cell number in males is due to increased cell division.
The maximum number of cells that co-label with the antibody to
BrdU and DSX in a given male brain was eight cells per
hemisphere, and none were ever detected in females. Although
this does not fully account for the approximately twenty cell
increase per hemisphere in males during this time (see Fig. 2C), it
demonstrates that DSX-expressing cells in males are undergoing
cell division in the region and during the time period expected. One
possibility is that some of the DSX-expressing pC1 and pC2 cells are
arrested in the G2 phase of the cell cycle and thus would be in the
cell division cycle, but would be beyond the stage when BrdU
incorporation occurs.
Consistent with DSXM driving additional cell divisions, when the
TN1 region was examined, there was a slight, but statistically
signiﬁcant increase in FRUM-expressing cells when DSXM was over-
expressed in the fru P1 circuitry, which suggests that DSXM can
direct additional cell divisions in this region (fru P1-GAL4; UAS-
DSXM ﬂies had 80±2.4 FRUM-expressing cells, while fru P1-GAL4/
+controls had 72±2.6; P=0.02). These two lines of evidence suggest
that DSXM may cause additional cell divisions in both TN1 and
posterior brain regions of the CNS, where DSX expression is sexually
dimorphic.Sex-speciﬁc differences in DSX-expressing, posterior-region brain cells
that are established during metamorphosis depend on the DSX isoform
and dose of dsx
To examine how the sex-speciﬁc differences in DSX-expressing
posterior brain cell numbers are established duringmetamorphosis by
dsx, the following genotypes in which dsx function is reduced were
examined:male and female animals heterozygous for a null and awild
type allele of dsx and chromosomally XX, ix (ix3/Df(2R)en-B) ﬂies. At
the 8-hour APF time point male dsx hemizygotes (dsxM+R15/TM6B) had
the same number of posterior brain region DSX-expressing cells, as
wild type males (Fig. 3I). However, at the 12-hour APF time point,
which is after the rapid increase in pC1 and pC2 cells in males, dsx
male hemizygotes display a signiﬁcant decrease in cell number
(P=8×10−5), as compared to wild type males, suggesting that the
dose of dsx is important for the increase in cell number in males. The
difference in cell number between male dsx hemizygotes and wild
type males is maintained at the 16-hour APF time point, and by the
adult stage the difference is more substantial (dsx male hemizygotes
have only 56±3.8 cells, whereas wild type males have 83±3.1 cells)
cell numbers (Fig. 3I), suggesting that the wild type dose of dsx is
required not only to drive the early divisions, but to also maintain the
population of DSX-expressing cells after the 16-hour APF stage.
At the 12-hour APF time point, dsx female hemizygotes also display
a signiﬁcant decrease in cell number, as compared to wild type
females (dsx female hemizygotes have 14±1.2 cells, whereas wild type
females have 19±1.3 cells; P=0.004; Fig. 3I). This difference in cell
number between dsx female hemizygotes and wild type females is
maintained at the 16-hour and adult stage (at 16-hour APF, dsx
females have 13±0.7 cells, whereas wild type females have 16±0.6
cells; P=0.003; Fig. 3I), suggesting that the initial establishment of
DSX-expressing cell number in pupae is sensitive to the dose of dsx in
females. However, when female ix mutants were examined, more
female posterior-region DSX-expressing cells were observed, as com-
pared to wild type females, at all four stages examined (Fig. 3I),
suggesting that at a certain point in development, DSXF may prevent
cell division in this region. Consistent with this idea is the observation
that during the pupal stages examined, chromosomally XX, dsx
intersexual animals have signiﬁcantly fewer cells than dsx hemizygous
males and wild type males, suggesting that DSXF and DSXM have
antagonistic activities with respect to establishing cell number.
DSXM and FRUM are co-expressed in a subset of neurons in adults and
pupae, but DSXM expression proﬁle does not depend on FRUM
Given the sexual dimorphism in DSX-expressing cells, we wanted
to determine if FRUM plays a role in males in establishing the number
of DSX-expressing cells. A recent report has shown that DSXM and
FRUM co-localize in a subset of neurons in themid-pupal CNS (Rideout
et al., 2007). Given the observations that demonstrate that DSX-
expressing cell number is established during metamorphosis, we
wanted to determine if FRUM plays a functional role in specifying that
developmental fate by analyzing the developmental proﬁle of DSXM
and FRUM co-localization. To detect FRUM-expressing cells, a GAL4
driver that is expressed in the same cells as the fru P1 transcript was
used (hereafter called fru P1-GAL4; Stockinger et al., 2005) to drive the
expression of nuclear localized GFP (UAS-nlsGFP) in males.
In 0–24-hour old adult males overlap was observed between the
DSX-expressing cells and the fru P1-expressing cells in the pC1, pC2
and TN1 clusters (Fig. 5 and Tables 1 and 2), which is similar to
previous reports of overlap at mid-pupae stages (Rideout et al., 2007).
Extensive co-expression of DSX and FRUM was detected in the
abdominal ganglion region of the VNC (Billeter et al., 2006). Cells
were identiﬁed that co-express fru P1 and DSXM in the subesophogeal
region of the brain, the SN and SLN clusters, and several cells located
in the TN2 region of the VNC (Supplemental Fig. 3). Given that only
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P1-expressing cells (Fig. 5, Table 1; Rideout et al., 2007), DSX-
expressing cells are likely functionally distinct, despite residing in
close proximity.
Expression patterns of fru P1 and DSX at 8-, 12-, 16-, and 48-hour
APF were next examined in males in the pC1, pC2 and TN1 and TN2
regions. At 8-hour APF, co-expression was observed in brain regions
that appear to be the cells fated to become the pC1 and pC2 clusters, aswell as the TN2 region of the VNC, but not the TN1 region (Fig. 5).
However, by 12-hour APF, cells in the TN1 region of the VNC, and the
pC1 and pC2 regions of the brain co-express DSX and fru P1. Males
from 12-, 16-, 48-hour APF and adults had similar patterns. Overlap of
DSX and fru P1-expressing cells in the TN1 and TN2 regions in the
VNC, and the pC1 and pC2 regions in the brain were observed (Fig. 5;
Supplemental Fig. 3; Rideout et al., 2007). Given that the number of
DSX-expressing cells in males is established during pupal stages and
co-localization of FRUM and DSXM is observed during these stages, we
next determined if FRUM plays a role in establishing DSXM cell
numbers.
DSX expression was examined in 0–24-hour adult fru P1 mutant
males that do not produce FRUM. We characterized the three clusters
that show sexually dimorphic numbers of DSX-expressing cells (pC1,
pC2 and TN1) and observe no statistically signiﬁcant differences
between wild type males and fru P1 mutant males (Tables 1 and 2,
Figs. 6A and B), demonstrating that FRUM does not establish the sexual
dimorphism in the number of DSX-expressing cells in these regions in
0–24-hour adults.
DSX and fru P1 do not extensively co-localize in pC1, pC2 and TN1 region
neurons in females
A recent observation has shown that the fru P1-expressing cell
circuit is important for female behaviors (Kvitsiani and Dickson,
2006). In addition, it has been shown that DSX is required to establish
the male-speciﬁc number of fru P1-expressing cells (Rideout et al.,
2007). Given the observation of female-speciﬁc cell death in the DSX-
expressing, TN1 cluster cells, we wanted to determine if DSX plays a
role in establishing the number of fru P1-expressing cells in females. If
DSXF is responsible for a difference between males and females in fru
P1-expressing cell number previously reported (Rideout et al., 2007),
we would expect to see about ten cells per hemisegment with overlap
between DSXF and fru P1 in the TN1 region, as that is the difference in
fru P1-expressing cell number reported to be established by DSX
(Rideout et al., 2007).
Accordingly, the fru P1-GAL4 driver that produces GAL4 in
homologously positioned cells in both males and females was used
to assess the overlap between fru P1-expressing cells and DSX in
females. Females at 8-, 12-, and 16-hour APF were examined, when
DSX-expressing TN1 cells are present in females, as well as 48-hour
APF and 0–24-hour adults. No cells were consistently observed
expressing both fru P1-GAL4 and DSX in the TN1, pC1 or pC2 regions
in females at the 8-,12-,16-, 48-hour APF stages and 0–24-hour adults.
Taken together, the absence of overlap between fru P1-expressing
cells and DSXF during development suggests that DSXF does not direct
the number of fru P1-expressing cells in females in the TN1 region or
posterior brain in a cell autonomous manner.
DSXM does not direct the number of FRUM-expressing cells in adults
To determine if DSXM is required to maintain fru P1-expressing
cells in the TN1 region in males, FRUM expressionwas examined in dsxFig. 5. fru P1-expressing cells and DSX co-localize in the CNS. DSX-expressing (red) and
fru P1-expressing (green) cells in adult (A–L), 8-hour APF (M-O), and 16-hour APF (P–U)
male CNS. fru P1-expressing cells are visualized using a fru P1-GAL4 transgene, driving
expression of nuclear GFP. (A) DSX (red) and (B) fru P1-expressing cells (green) co-
localize (C) (yellow) in the posterior midbrain. Higher magniﬁcation (40×) of DSX (D)
and fru P1-expressing cells (E) in the pC1 and pC2 clusters of themidbrain; (F) is merged
image. (G) DSX and (H) fru P1-expressing cells co-localize (I), in the VNC. Higher
magniﬁcation (40×) of (J) DSX and (K) fru P1-expressing cell co-localization (L) in the
TN1 region of the VNC. (M) DSX and (N) fru P1-expressing cells co-localize (O) in male a
brain 8-hour APF. (P) DSX and (Q) fru P1-expressing cells co-localize (R) in a male brain
16-hour APF. (S) DSX and (T) fru P1-expressing cells co-localize in the TN1 clusters of a
male VNC 16-hour APF. Both TN1 clusters are shown. Unless otherwise indicated, 20×
confocal sections (∼1 μm thick) are shown.
Fig. 6. DSX expression in fru P1 null animals and FRUM expression in dsx null animals. DSX-expressing cells in the posterior brain (A) and TN1 cluster (B) of fru P1 null mutant males.
FRUM-expressing cells in the PrMs region of the VNC in dsx null males (C) and wild type control males (D). 20× confocal sections (∼1 μm thick) are shown.
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et al., 2000). The FRUM-PrMs cluster overlaps the DSXM-TN1 region.
Using a FRUM polyclonal antibody, no signiﬁcant difference was found
between FRUM-expressing cell number in dsx null male XY (57±1.7
cells) and wild type males (56±1.7 cells), in 0–24-hour adults (Figs. 6C
and D), on the anterior surface of the PrMs region of the VNC where
DSX and FRUM co-localize (n=16 and n=18, respectively). Further-
more, the total number of FRUM-expressing cells in the entire PrMs
region showed no statistically signiﬁcant difference in FRUM-expres-
sing cells, between dsx null males (98±5.5 cells) and wild type males
(105±3.1 cells). The number of FRUM-expressing cells detected was
comparable to previous reports (Lee et al., 2000). This suggests that at
the 0–24-hour stage, the number of FRUM-expressing cells is not
regulated by DSXM. DSXM may be required later in adult life to
maintain parts of the fru P1-circuitry. Evidence for this hypothesis
comes from the recent report that shows 5–7-day old dsx null males
have roughly 20 fewer FRUM-expressing cells in the PrMs region of the
VNC than wild type males (Rideout et al., 2007). However, when 5–7-
day old adult ﬂies were examined in this study, dsx null ﬂies had on
average 78±2.6 cells on the anterior surface of the entire PrMS region,
and wild type ﬂies had 73±1.3 cells; these values do not differ signi-
ﬁcantly (P=0.9). The discrepancy between the two studies could
perhaps be explained by differences in strain or reagents employed.
Nonetheless, the data presented here suggest that FRUM-expressing
cell number in males can be established by a mechanism that is
independent of DSX.
Discussion
The identity of dsx has been known for many years (Burtis and
Baker, 1989), but how DSX speciﬁes sexually dimorphic neural circuits
has only begun to be investigated. Here, we report a sexual dimor-
phism in the number of DSX-expressing cells in the TN1 cluster in the
VNC and in the pC1 and pC2 clusters in the posterior brain, during
both pupal and adult stages, that is established by the DSX isoform
and dose of dsx present. Males have consistently higher numbers of
DSX-expressing cells in the pC1, pC2 and TN1 clusters than females,and for the pC1 and pC2 regions, we show that DSX-expressing cells
undergo more divisions in males than in females. Our results from
examining the brain clusters pC1 and pC2 and VNC TN1 clusters are
consistent with previous analyses that demonstrated that DSXM
promotes additional neuroblast divisions in male abdominal ganglion
neuroblasts (Taylor and Truman, 1992). We propose that DSXM may
promote additional neuroblast divisions in these clusters, given that
the DSX-expressing pC1 and pC2 cells are in very close proximity, and
thus might be derived from the same progenitor (Pereanu and
Hartenstein, 2006).
We also demonstrate that in males, fru P1 is not required to
establish the number of DSX-expressing cells in adults. Rather, our
results are consistent with the sex-speciﬁc DSX isoform establishing
the dimorphism in number of DSX-expressing cells in these clusters.
Furthermore, in adult males, DSXM does not appear to be required to
establish the number of fru P1-expressing cells, as was suggested in a
previous study (Rideout et al., 2007).
The regions of the CNS where DSX is detected in a sexually
dimorphic pattern have been implicated in underlying the potential
for male courtship behaviors. Early gynandromorph studies, in which
animals were mosaic for male and female tissues, showed that certain
regions of the CNS needed to be genetically male or female for normal
male courtship behavior to occur (Hall, 1977). Those studies showed
that the posterior midbrain, where the pC1 and pC2 clusters reside,
were important for reproductive behaviors in both sexes (Hall, 1977;
Tompkins and Hall, 1983). Interestingly, the posterior brain region
contains DSX-expressing cells in both male and females, suggesting
dsx function may underlie these early observations. Additionally, the
mesothoracic ganglion of the ventral nerve cord, where the TN1-
region, DSX-cluster is located, was shown to underlie male wing song
(von Schilcher, 1979).
It was recently shown that DSXM and FRUM collaborate to establish
the neural circuitry that underlies wing song formation (Rideout et al.,
2007), and DSXM is expressed in neurons that comprise the fru neural
circuit, which is necessary and sufﬁcient for the early steps of themale
courtship ritual (Ryner et al., 1996; Demir and Dickson, 2005; Manoli
et al., 2005). Here, we observe extensive overlap of fru P1-expressing
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ventral nerve cord [Fig. 2; Rideout et al., 2007], as well as overlap in
the abdominal ganglion, as previously reported (Billeter et al., 2006).
This overlap begins in certain CNS regions as early as 8 h APF and is
maintained to the 0–24-hour adult stage. Thus, the anatomical
position of these sexually dimorphic neurons in both in the posterior
midbrain and the mesothoracic ganglion, as well as their presence in
the fru neural circuit, suggests that they may participate in establish-
ing the neural circuits underlying sex-speciﬁc behaviors.
fru P1 was shown to be sufﬁcient to specify early, but not late,
steps of the male courtship ritual, when FRUM was expressed in
females in homologously positioned cells in which it is normally ex-
pressed in males (Demir and Dickson, 2005; Manoli et al., 2005).
Additionally, gynandromorph studies showed that if the CNS was
genetically male, animals that contain female tissues in other body
regions could perform all male courtship steps (Hall, 1977). Taken
together, these results suggest that there are additional gene(s), other
than fru P1, that are sex-differentially utilized in the CNS that specify
the correct neural circuitry for male behavior. dsx is an excellent
candidate, given the role dsx plays in establishing sexually dimorphic
numbers of neurons.
Our results may reconcile the observation that dsx is necessary, but
not sufﬁcient, for specifying aspects of male courtship behaviors
(Taylor et al., 1994; Villella and Hall, 1996). Because the male courtship
ritual is a sequence-dependent series of sub-behaviors, in which per-
formance of late steps required completion of early steps (reviewed in
Greenspan and Ferveur, 2000), if FRUM is required for establishing
early male courtship steps, then in chromosomally XX dsxD pseudo-
males that lack FRUM, it would not be possible to assess if DSXM is
sufﬁcient to establish the potential for late male behaviors. The
majority of DSX-expressing cells do not reside in regions previously
mapped as important for the early steps (reviewed in Greenspan and
Ferveur, 2000), consistent with this idea.
The neural patterning that underlies the potential for female
behaviors remainsminimally understood. In females, very few fru P1-
expressing cells also express DSXF, with the exception of the
abdominal ganglion of the VNC. The observation that fru P1-
expressing cells play a role in female behaviors indicates that fru P1-
expressing cells function in female reproductive behaviors (Kvitsiani
and Dickson, 2006). The observation that there are very few DSX-
expressing cells in the female brain, and they do not overlap the fru
P1-expressing brain cells, suggests that DSXF is most likely not
sufﬁcient to specify female behaviors, as was suggested by earlier
results (Waterbury et al., 1999), but that DSXF- and fru P1-expressing
cells collaborate to bring about the potential for female behaviors.
Here, we have shown that DSXF-dependent, sex-speciﬁc cell death
in the TN1 region is the mechanism used to reach the correct number
of DSX-expressing cells in females. It has been shown that in females, a
small set of fru P1-expressing neurons undergoes cell death, thereby
eliminating neurons that would go on to make male-typical projec-
tions (Kimura et al., 2005). Additionally, DSXF has been shown to
control cell death in the developing embryonic gonad, which
ultimately results in a sexual dimorphism in gonadal tissues (DeFalco
et al., 2003). Our results, along with other studies undertaken in C.
elegans and mammals (Conradt and Horvitz, 1999; Davis et al., 1996),
underscore the importance of cell death as a mechanism by which
differences between the sexes are established.
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